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Channel Flow in Partly Solidified Alloy Systems
BY J. R. SARAZIN AND A. HELLAWELL

) Department of Metallurgical En ineering
Michigan Technological University, Houghton, MI 49931, USA

ABSTRACT

Chanrel segregation is a type of macroseqgregation which occurs during alloy
solidification in situations where a two phase, solid + liquid, 'mushy zone'
exists over a large temperature range for a long period of time.

Differences in thermal or solutal expansion or contraction may cause the
interdendritic liquid within the mushy zone to differ in density from the bulk
liguid and thus provide a driving force for convective flow. The convective
flow patterns within the ingot give rise to channels, or streamers, of solute
rich material, referred to as ‘A’ segregates or freckles in the foundry
industry, which are left in the ingot after solidification. The defects are
observed to run antiparallel to the direction of gravity in the columnar zone of
a casting. Although different geometrical configurations are discussed,
channels are particularly evident in base chilled configurations where the
solute(s) rejected during solidification are less dense than the solvent.

Channel segregation has been examined in Pb alloys centaining Sn and/or Sb as
well as the transparent NH Cl-H 0O system. Channels are shown to originate from
liquid perturbations arising frdm thermosolutal interactions at or near the
dendritic interface, and assuming such a model, an analysis of the situation is
presented.

KEYWORDS

Solidification, macrosegregation, 'aA’ segregate, channel, freckle,
thermosolutal convection, perturbaticn, Rayleigh number.

INTRODUCTION

Channel segregation is a special kind of macrosegregation arising from density
driven convective flow during alloy solidification. It occurs in situations
where a two phase (solid + liquid) mushy zone exists over a large temperature
range for an extended period of time. Thermal or solutal, expansion or
contraction may cause the interdendritic liguid within the mushy zone to differ
in density from the bulk and thus provide a driving force for convective flow.
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The remnants of these convective flows are left in the ingot after solidification
in the form of channels or stresmers of solute rich material which run anti-
parallel to the direction of gravity ir the columnar zone of a casting.

In large steel billet castings and other situations where heat flaw is primarily
horizental through the mold wall they are referred to as 'A' segregates. Figure
1 shows the top section of a 5 ton killed steel irgot (1). Within the columnar
zone, near the top, there are channels or 'a’ segregates (dark) presumably rich
in light elements such as sulphur, phosphorous and carbon. Channel segregation
also occurs in situations where heat flow is vertically downward such as in
electroslag refined (FESR) and vacuum arc remelted (VAR) ingots as well as
directionally solidified Ni-base superalloy turbine blades where they are
cemmonly referred to as freckles. Channel segregation can cause serious
problems during subsequent processing, resulting in costly homogenization
treatments or rejecticn of all or part of a cast ingot. Previous work has
examined channel formation during directional solidification of base chilled
ingots of Pb alloys containing Sr and/or Sb (2-9) as well as the transparent
analogue system NH4C1—H20 (4-7,10,11).

Figure 2a shows a vertical s=ection through a Pb-10wt.% Sn ingot which was
allowed to partially solidify with the growth direction vertically upward and
then querched from the top to reveal the solidification front. Near the center
is a channel of S$n rich material beginning near the bottom and extending to the
dendritic interface. Figure 2b is a cross section of a similar ingot at
approximately the midpoint showing numerous freckles * 1 mm in diarmeter against
a background array of primary dendrite 'crosses'.

The NH Cl-F_O eutectic system has been used for some time as an analogue to
studv the solidification of metals (12). Due to its low entropy of fusion it

s
Lo

Fig. 1. 'A' segregate chanrels, rich in sulpbur, phosphorus and carbon, in top
portion of a 5 ton killed =steel ingot (1).
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Fig. 2a) vertical and 2b) horizontal sections through a base chilled Pb-10wt.%
Sn ingot to show the dendritic growth front and channels.

advantage of a transparent ligquid/opaque solid allowing direct observation of
the solidification process. Figure 3a shows a top view of a solidifyirg

NH C1-35 wt.% H O casting. It can be seen that chanrel formation occurs in a
similar manner go and on a similar scale as, the metallic systems. In Fig. 3b,
a side view of the same casting, a streamlined plume of solute rich Jiquid can
be seen rising from a channel on the dendritic interface. Observation is
possible due to a change in refractive index with composition.

solidifies dendritically, in a way similar to metallic systems with the distinct j
!
I

Although channels are more clearly fourd when the solute which is rejected
durirg solidification is less dense than the solvent, similar convective flow
patterns may exist during solidificaticn or melting with a solute which is
either less or more dense than the solvent. Figure 4.1 represents horizontal
heat flow (mushy zone shaded) while Fig. 4.2 and 4.3 represent vertical heat
flow parallel and antiparallel to gravity respectively. Figures 4.1-4.3a
represent a less dense solute while 4.1-4.3b represent a more dense solute.
The flow pattern shown in Fic. 4.la would be representative of a killed steel
ingot (Fig. 1) while Fig. 4.2a reflects the flow pattern observed in the
directionally solidified Pb-base or NH Cl-H O castings (Fig. 2,3). Crystal
growth using the Czockralski technique woulé exhibit the behavior shown in Fig.
1d carbon, in top 4.3. 7Tt should be noted that no convection weuld be present in Fig. 4.2b since
the more dense interdendritic liquid resides stably against the advancing
interface.
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Fig. 3a) Top view and 3b) side view of a solidifving NH Cl-35 wt.% H_O casting
observed through the transparent bulk liquid showing channeis and plume
flow.

Model for Channel Formation

Consider the directional solidification of a base chilled ingot of composition
C_(Fig. 5, upper left) for the case where the equilibrium distribution is less
than 1 and the solute is less dense than the solvent. The solute which is
rejected into the liquid during solidification of the primary phase may build up
a metastable layer of less-dense, solute-rich liquid in the interdendritic
regions, extending a distance of approximately D/V into the bulk liquid, where D
is the diffusion coefficiert of solute in the liquid and V is the dendrite
growth velocity (Fig. S, upper right).

Examining the concentration profile in the vicinity of the dendritic interface
(Fig. 5 lower left) shows a near constant bulk concentration of C , increasing
as the interface is approached from the top, due to the presence 8f the rejected
solute. The negative concentration profile (dC/dz) extends down into the mushy
zone with a slope dependent on the temperature gradient and liquidus slope
until the eutectic front is reached. Since the solute is less dense, the
negative concentration profile within the mushy zone results in a positive
density gradient (dp/dz) (Fig. 5 lower right). However, the sample is sitting
in a positive temperature gradient (dT/dz). As the density decreases slightly
with temperature then the density gradient within the bulk liquid (dp/dz) is
regative or stabilizing. This results in a metastable condition which may
persist for some time.

The formation of channels under these conditions has been well documented since
the late 19€0's (1,10). However, the origin of the channels or the exact
conditiens under which thev arise, has ncot been clearly established. Two
schools of thought have developed as to where the channels nucleate, ore based
on theoretical considerations (13,14,15) and the other based on direct
experimental observation. The former group contends that charnels originate at
some imperfection or defect deep withir the mushy zone and a chanrel develops
upward by local melting, in a manner similar to a river system. Unfortunately,
local acceleration of fluid flow is not possible without cooperative flows
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Fig. 5. Schematic concentration/density profiles above and below the dendritic

growth front for vertical growth with a less dense solute in a positive
temperature gradient.

D/V surmounted by the bulk liquid with the mushy zone below. Since a density
inversion exists, the system is metastable and if conditions will allow, it can
perturb as shown in Fig. 6b probablv by double diffusive or thermal sclutal
interactions within the beundary laver. As the perturbation grows the
concentration gradient ard thus the temperature gradient below it is relaxed and
the dendrite tips can be observed to accelerate forward to produce a small
hillock cn the interface as in Fig. 6c. As the perturbation continues to grow
it begins to be fed not only by the boundary layer but the interdencritic liquid
as well, Upward flow of the interdendritic liguid melts or erodes the dendrites,
creating a channel hackwards from the interface (Fig. 6d). For chanrel flow to
persist, the uvprward flow from the channel mouth must be balarced by ertrairment
cf the bulk liguid in the regions immediately adjacent to the channels, Fig. 6e.
This results in a quasi-steadv state flow pattern which persiste urtil the
dendritic interface reaches the top of the casting.
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Fig. 6. Schematic model for channel formation by liquid perturbation at the
dendritic growth frent.

Experimental Work

Although the entire nucleation event occurs within seconds, careful observations
of channel formation against the mecld wall and simple experiments using the
NH Cl-H_O systems (4) have shown that channels nucleate by a liauid perturbation
near thé dendritic interface and that plume flow preceeds channel formation.

Experiments using potassium permanganate (KMnO ) crystals as diec confirmed the
channel flow patterns and local retrainment regions. Attempts were also made to
artificially create channels (Fig. 7). An NH . Cl1-35 wt.% H_O casting was allowed
to solidify to point where channels were known to have formed. A fine 1 rm bore
silica tube, sharpened on the end was then carefully twisted while inserting it
into the mushy zone so as to drill out an artificial channel (Fig. 7a).

Channels created in this manrer failed to propagate and were soon grown over.
The experiment was then repeated, this time the tube incerted to a point
approximately 1 mm from the dendritic irterface and a small amourt of liquid
drawn up so as to create an artificial plume (Fig. 7b). In each case a channel
formed »t the exact position where the plume had been created.

Although the NH Cl-H O system was verv convenient to work with for modeling the
mechanisms of formation, practical working conditions limited cempositions te a
narrow range around 35 wt.% NK Cl. 7Tr order to determine the effect of cranging
the fraction of solid within the mushv zone, the bottom chilled NE Cl-H_0O
experiments were repeated using Pb allovs contain Sn and/or Sb (R). Thé
relevant portions of the phase diagrams and regimes of charrel formation

are shown in Fig. 8.



Fig. 7. Artificial formation of charrels caused by (a) drilling into the mushy
zone and (b) sucking up liquid to create an artificial plume.

Tn the metallic allovs two regimes of chanrel formation were observed. Firstlv,
at low solute contents numerous small channels were observed and secondly, at
higher solute contents, a single, centrally located large channel was found
(Fig. 9). The transition from the multiple small channels to the single large
channel regime has been attributed to the increase in dendritic mesh
permeability as the solute content is increased, allowirg entrairment patterns
on the ingot scale. It should be noted that the regimes of channel formation in
the metallic systems ave shifted to much higher fractions of solid or lower
solute contents than in the analogue system. This is attributed to higher
thermal diffusivity and lower kinematic viscosity (Table I) in the metallic
system leading to easier establishment of streamlined flow. Withip any given
jngot in the multiple small channel regime, the number of channels is observed
to decrease with distance up the ingot. It can he seen from Fig. 10,
Sb ingot sectioned at 2 cm intervals from the bottom, that the number of
channels decreases with height and every channel present in the top section can
be traced back to the bottom. This is consistent with the cbservations of the

analogue castings where charrels were observed to coalesce or die out during

solidification.

Thermosolutp}_convection/Rayleigp_Pumber

rbations leading to the formation of channels have been thought

The liquid pertu
olutal convecticn

to arise from a pheromenon kpowr as double diffusive or thermos
(17). This phencmenon is not unique to metallurgy and is believed to be
responsible for convective flows in cceanographic, geological or even stellar
contexts. Figure 11, after Schmitt (18), is a plot of logarithm of the Lewis
number, (1), defined as the ratio of the thermal to solutal diffusivity vs.
Prandtl number (o), defined as the kinematic viscosity over the thermal
diffusivity, for a variety of double diffusive svstems. Svstems with hich
viscosity and low thermal diffusivity fall to the lower right in the ficure
while those with a low viscositv ard high thermal diffusivity tend tcwards the
upper left. The contours represent a normalized flow velocity.
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Fig. 8. Partial phase diagrams for (a) Pb-Sn, (b) Pb-Shb, (c) Pb-Sn-Sb and (d)
NH Cl-H_ O showing compositional regimes (shaded) in which charnels were
observed.

The phencmencr of thermosolutal convection can arise in any situation where
gradients of two or more properties have opposing effects on the vertical
density aradient. 1In this case the preorerties of interest are heat and solute
content. The mechanism of instability can be briefly described as follows: if a
small parcel of fluid is displaced upwards its temperature equilibrates guickly
but its solute content does not, since the diffusivity of heat is some ? crders
of magnitude greater than that of sclute. The fluid parcel is thus solute rich
and lighter than its surroundings, beccrning increasingly buoyart as it continues
to accelerate upwards.

If the sclute were to be neqlected and the density inversion in the liguid
assumed to be due only to a temperature gradient, the classic Benard problem (19)
analyzed by Lord Ravleich in 1916 (20), then one can write a dimencionless
thermal Ravleigh number (Ram) to descriZe the initial disturbance or perturbation.
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Fig. 9. PFerizontal sections of Pb-Sn ingots, 60 mm from the botltom showing
change in channel character with increasing concentration.

e, - goa_(dT/dz) Eq. 1

T 4
n DT/h

g = gravitational constant
p = bulk liquid density
¢ = volume coefficient of thermal exparsion
AT/dz = vertical temperature gradient
n = absolute viscositv
b_ = thermal diffusion ceoefficient
h a characteristic linear dimension

Simjlarlv, if the systerm were isothermal and the density irversion due only to a
solute gradient then an equivalent sclutal Rayleigh number (Ras) would be:

Ra = gpB (__C!C/(‘-?) Eq. 2
4
n De/h

where a ir replaced by the volume cerefficient of solutal expanrsion g, at/dz is
replaced by the vertical solute gradient dc/dz and D replaced by the mass

Adiffusion coefficient of solute in the liguid Dq.

- —
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Fig. 10. A pb-2 wt.% Sb ingot sectioned perpendicular to the

arowth directijion
at 20 mm intervals from the bhottom,

m ). This can
be thought of as the buoyant Pressure exerted upward due to the density

inversion. The units of denominators, nD /h’ sand np /h’ are the same and this

can be thought of as the opposing or restaining pressure due to fluid viscosity
and diffusion of heat or solute in the system.

Witen both thermal and solute gradients are pPresent the Rayleigh numbers can ke
combined to yield an equivalent thermosolutal Rayleigh rumber (RaT

) as
follows: /s
Ra
S Ra
= =2 Ea.
RaT/S P T a. 3

where T is the diffusivity ratio or Lewis number. The 4
the thermal effect is one of stabilization., pa

T/S
follows:

ifference arises since
may then be written as

R

- 9o [B(dCydz) - a{dT/dz))

a
T/S 4
/ n D,/h

Analysis

Normally, the system is considered to rerturb when ERa
value, However, considerable disagreement exists in ég
value of h, which is alternately taken as DS/V (21,22),

the radius (23) of the system. Since h is Faised to the
equation, these encompass an extremelv large range of v

exceeds scme critical
literature as to the
the height (16,24} or
4th power in the
alues making comparisor

of critical Rayleigh numbers meanirgless Srom case to case.
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In order to determine what might be a reasonable value for h, Sarazin and
Hellawell (&,9,25) considered instability to occur when the buoyant forces
exceeded the restraining effect of thermal diffusion and fluid viscosity or for
a critical effective thermosolutal Rayleigh number = 1. Back calculation cf h
from known data for Pb-Sn and NH Cl-H _C revealed h to be on the order of the
dendritic spacing in both cases. The ternm h appears, therefore, to represent a
critical wavelength of a perturbation of the boundary layer. In retrospect it
seems entirely reascnable that the perturbation wavelength should be related to
the dendrite spacings since a periodic compositional variation would already
exist ahead of the advancing dendritic interface, but to arrive at that result
independently as it were is quite satisfactory.

The consequences of varying the primary dendrite spacing can be examined for the

alloys previously studied. Xurtz and Fisher (26) have given an empirical
expression for the dendrite spacing (}), where:

4.3 (AT DF'ZS]
o

N\ = ———— Eg. 5
k.25 V.25 G.5
ATO = temperature difference between liquidus and solidus
D = mass diffusion coefficient of solute in the liquid
r = Gibbs-Thompson coefficient
k = equilibrium distribution coefficient
Vv = growth velocity
G = temperature gradient

-0
For_a given composition, the primary dendrite spacing is proportional to V )
G Thus, if it were possible to cortrol the thermal gradient and growth

velocitv, the dendrite spacing and perturbation wavelength for a given alloy

'_"'f could be varied.

ey
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Table I
Data for Metallic and Aqueous Systems (4,9,10,16)

Pb-10 wt.% Sn Pb-2 wt.% Sb NH4C1—35 wt.% H_ O

Solvent: =olute 2

density ratio (solids) 1.55 1.69 1.53
Liquid density on
. . -3 3 4 3
liguidus, p, Kg m 9.98 10 Y 10 1.08 10
Dynamic viscosity,

. Sgosity -3 -3 -3
n, Kgm s 2.47 10 nvoo3 10 1.03 10
Kinematic v1§co§ity, - 9 -7
v=n/p,m s 2.47 10 o3 10 9.54 10

Th daif ivi
erma12 J_{u51v1ty, 5 -5 -7
K, m s 1.08 10 Nl 10 1.47 10
Solutal diffusivity -
29 If -
D, m s 3.0 10 ° ~vo3.0 10 K 1.3 10 9
Thermal expansigT 4 4
coeff., a, K 1.15 10 ~ 10”7 6.0 107°
Solutal expansion . 1 3 3
coeff., B, wt.s 5.2 10 ° N7 10 2.0 10
v - -
Prandtl number, /x 2.2 10 2 v 3.0 10 2 6.81
LK
Lewis number, /D 3.6 103 V3.0 103 107.7
Fraction liquid
at eutectic, fL 0.079 0.082 0.86
Temperature aradient,
T 3
gT/dz, Kol 10° 10° 1.5 10°
Interdendritig solute
gradient, gc/dz, wt.s, m 2 4.3 10° 1.5  10° 7.0 10°
Flow rate to prevent 3 5
channels, U, n s 10 10
Interderdritic spacing, _a _4 -4
L, m 3 10 3 10 5.7 10
-4 - -
Derived dimension h, m 6 10 4 10 4 4 10 4

Future work will invelve assembly of a separately controlled, 2 zone resistance
furnace to permit relatively independent control of temperature gradient and
growth velocity. This will allow determination of regimes of channel formation
on a G-V plot such as the one shown schematically in Fig. 12 (10).

Increasing either the thermal c¢radient or the growth velocity for a given alloy
would decrease the dendrite spacings and thus the perturbations’ wavelength,
making channel formation more difficult since a larger buoyancy pressure would
be required.

Summary

1. Under conditions of positive temperature gradient upwards and vertical heat
flow dowrwards, channel segregation has been observed in the transparent
analogue NH4C1—H20 system as well as Pb alloys containinag Sn and/or Sb.
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